Two transition metal complexes, [CoL 4 Cl 2 ]$4MeOH 1 and [NiL 4 Cl 2 ]$4MeOH 2 (L ¼ (RS)-1-(4-chlorophenyl)-4,4-dimethyl-3-(1,2,4-triazole-1-ylmethyl)pentane-3-ol), tebuconazole were synthesized and their structures were determined using single crystal X-ray diffraction (XRD). Crystal structural analysis shows that complexes 1 and 2 have similar structures, both with the metal cation lying on a crystallographic inversion center and coordinated with four triazole groups and two chloride anions.
Introduction
Although complexes containing transition metals and multidentate ligands have been extensively investigated over the past decades due to their unique structures [1] [2] [3] and potential applications in different elds, 4-8 studies on the complexation of commercial 1,2,4-triazole fungicides with transition metals are still rare. Evans reported the formation and structures of CuAc 2 and ZnAc 2 complexes with tebuconazole and propiconazole. 9 Yang reported the synthesis, controlled release properties and antifungal activities of a series of metal complexes with cis and trans propiconazole. 10 Fujii prepared difenoconazole copper complexes and used them as wood preservatives. 11 Our group reported the structures and antifungal activities of two Cu(II) complexes with triadimefon 12 and four Cu(II) complexes with tebuconazole. 13 In the literature, it has been shown that the pharmacological and toxicological properties of many drugs are modied when they form metallic complexes. [10] [11] [12] [13] [14] [15] Complexation of pesticides with metals has potential advantages including the enhancement of persistence, longer shelf life, reduction of mammalian toxicity and conversion of pesticides from nonsystemic to systemic. [16] [17] [18] Moreover, the pesticides coordinated with transition metals could be utilized for controlled release formulations with the capacity of alleviating the toxicity and decreasing the pesticide residue.
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Tebuconazole (C 16 H 22 ClN 3 O, CASRN: 107534-96-3), chemically named (RS)-1-(4-chloro-phenyl)-4,4-dimethyl-3-(1,2,4-triazole-1-ylmethyl)pentane-3-ol, is an important 1,2,4-triazole fungicide with broad bactericidal spectrum, high antibacterial efficiency and low toxicity, which has been widely used to control mildews and rusts of cereal grains, fruits, vegetables and ornamentals by inhibiting the synthesis of ergosterol to prevent fungal mycelium development. [20] [21] [22] However, the intensive use of tebuconazole and their single active site have led to substantial environmental contamination and a rapid selection of resistance strains. [23] [24] [25] Given the limitations of tebuconazole and with the aim of possibly improving its properties and potential applications, a series of metal complexes with tebuconazole have been studied in our lab.
In an earlier study, we reported four Cu(II) complexes of tebuconazole 13 and found that the obtained copper complexes exhibited potent antifungal activity toward the selected fungi Gibberella nicotiancola, Botryosphaeria berengriana, Botryosphaeria ribis, Alternaria solani. To continue our work on the complexes with tebuconazole and study the impact of different metal cations (Co 2+ [27] [28] [29] [30] suggesting that the cobalt in complex 1 binds to N and Cl atoms via coordination bonds other than covalent bonds, which can further indicate that the oxidation state of cobalt is +2. Third, from the point of charge balance, the ligand tebuconazole keeps neutral since the bond lengths of the ligand have very small variation aer complexation (the largest bond length deviation Scheme 1 Formation of the complexes with tebuconazole. is 0.014Å taking place in N2-N3). And Cl atom has the only reduction state of À1. To keep charge balancing, the oxidation state of cobalt should be +2.
As shown in Fig. 1b , there is one kind of intramolecular hydrogen bond O4-H4/O2 in the crystal structure of complex 1, which is generated by the O4 atom of the free methanol molecule as hydrogen bond donor to O2 of the ligand. And there are three kinds of intermolecular hydrogen bonds: O1 and O3 atoms act as hydrogen bond donors to Cl3 atom from the adjacent molecule, generating O1-H1/Cl3
ii and O3-H3C/ Cl3 ii (symmetry code:
ii Àx, Ày, 1 À z). Meanwhile, O2 atom also as hydrogen bond donor takes part in the hydrogen bonds of O2-H2/O3 iii (symmetry code: iii 1 + x, y, z). The intermolecular hydrogen bonds contribute to the formation of a onedimensional chain along the b-axis in the crystal structure of complex 1. Furthermore, the 1D chains are connected by van der Waals forces to give rise to the 3D framework along the aaxis, as shown in Fig. 1c .
Crystal structure of [NiL 4
Cl 2 ]$4MeOH 2. The structure of complex 2 is similar to that of 1. As illustrated in Fig. 2a , each Ni(II) binds to four nitrogen atoms from four ligands and two chloride atoms leading to a distorted octahedral geometry. The bond lengths of Ni-N (2.080Å, 2.094Å) and Ni-Cl (2.4979Å) are slightly shorter than the Co-N and Co-Cl bond lengths of complex 1, which is due to the slightly smaller atomic radius of Ni (1.246Å) than that of Co (1.253Å). 31 In complex 2 the dihedral angles of benzene ring planes and their attached triazole planes are 88. 4 and 104.2 respectively. The triazole ring planes are coplanar with their symmetric planes and approximately perpendicular to their adjacent triazole ring planes (dihedral angle 105.2 ). All the related dihedral angles are close to those of complex 1. The oxidation state of nickel in complex 2 was also determined to be +2 and the BVS calculations for Ni bonds in complex 2 gave the value of 2.17. Unlike complex 1, complex 2 only has intermolecular hydrogen bonds: O2 and O3 atoms act as hydrogen bond donors to Cl3 atom from the adjacent molecule, generating O2-H2/ Cl3
ii and O3-H3/Cl3 ii (symmetry code:
atom as hydrogen bond donor takes part in hydrogen bond of O1-H1/O3 iii (symmetry code:
atom acts as hydrogen bond acceptor to O4 atom from the other adjacent molecule, generating O4-H4/O1 iv (symmetry code:
Cl 2 ]$4MeOH is bound to two adjacent structural units by the intermolecular hydrogen bonds resulting in the formation of a one-dimensional chain along the b-axis (Fig. 2b) . The 1D chains are also connected by van der Waals forces to form the 3D framework along the a-axis, as shown in Fig. 2c . Structure renement details of both the complexes are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 , and hydrogen bonds are shown in Table 3 .
Biological activities
2.3.1 Antifungal activities. As shown in Fig. 3 , the inhibition rate increases with the growth of the concentration of ligand L and the complexes, and the inhibition rate at the same concentration is ranked as complex 2 > complex 1 > L. It can be seen from Table 4 that the synthesized metal complexes show higher antifungal activities than the ligand L against the four selected fungi, stronger antifungal activities than the reported Cu complexes based on L against G. nicotiancola and B. berengriana, 13 and much stronger than the reported Cu complexes based on triadimefon against G. nicotiancola and A. solani.
12 From Table 4 , we can also observe that the antifungal toxicities of complex 1 are 1.52-4.15 times greater than those of L, while the toxicities of complex 2 were 2.05-4.58 times higher than those of L. Overall, complex 2 is slightly more active than complex 1 in terms of the antifungal toxicities (complex 2 is 1.10-1.40 times better than complex 1). However, for B. berengriana, complex 2 has almost equal antifungal activity to complex 1.
2.3.2 Synergistic interaction between the metal cations and tebuconazole. The two complexes can be regarded as molecularlevel mixtures of tebuconazole and metal cations, and Fig. 4 gives information of the interactions between the two metal cations and tebuconazole. Fig. 4 shows that all the values of SR are more than 1.5 (the minimum SR is 1.87), which indicates that the interaction levels were synergistic against the four selected fungi. 32 The result should be one reason for the enhanced bioactivities aer complexation.
It is noteworthy that the interaction levels of complex 2 were higher than those of complex 1 for the same tested fungus. It indicates that the synergy levels for the molecular-level mixture of Ni 2+ and tebuconazole were better than those for the molecular-level mixture of Co 2+ and tebuconazole. This also leads to slightly higher bioactivities for complex 2 than complex 1 against the selected fungi. We can also obtain from Fig. 4 that both the synthesized complexes show different synergy levels to the different tested fungi. The synergy levels concerning the tested fungi is in the sequence of B. berengriana > A. solani > B. ribis > G. Nicotiancola, which implies that the antifungal activities against B. berengriana are improved to the greatest extent, and against G. Nicotiancola to the smallest extent aer complexation.
Controlled release properties
The title complexes can gradually release L in the static water as shown in Fig. 5 , suggesting that they were unstable in their coordinating mode in the aqueous solution. The releases of L from complexes 1 and 2 showed different rates yet similar proles. The release rate pattern indicated that L from complex 1 was released more quickly than from complex 2. For example, aer 24 and 96 h in static water, complex 1 released 53.4 and 68.2% of L, respectively, while complex 2 released 46.9, and 57.0% of L, respectively. The reason for the above difference could be related to the different stabilities of the complexes in water: the coordination bonds in complex 1 are weaker (the bond lengths of Co-N and Co-Cl in complex 1 are longer than those of Ni-N and Ni-Cl in complex 2), which led to complex 1 being more unstable in water. The release rate of L from both the complexes decreased dramatically aer about 20 h. This result suggests the possibility to develop the title complexes as new medicament for slower controlled release.
DFT calculations
2.5.1 HOMO-LUMO analysis. The Frontier orbitals, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), can be used to describe electron donors and electron acceptors, which inuence the bioactivity and determine the way a molecule interacts with the biological species. 33, 34 The study on their Frontier orbital energy can provide useful information for the working mechanism of the bioactive compounds, 35, 36 such as active sites. The Frontier orbital gap (HOMO-LUMO gap) is used as an indicator for chemical reactivity and kinetic stability of the molecule. A molecule with a small Frontier orbital gap is more polarizable and is generally associated with a high chemical reactivity and low kinetic stability.
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The plots of HOMO, LUMO and the energy gaps (DE ¼ E LUMO À E HOMO ) of complexes 1 and 2 are shown in Fig. 6 . The modes in each HOMO and LUMO are symmetrically placed as illustrated in Fig. 6 . The HOMO of complex 1 is localized predominantly on Co cation, two Cl anions and two coordinated triazole rings, and the LUMO of complex 1 is localized predominantly on Co cation and two Cl anions. The HOMO and LUMO of complex 2 are very similar and localized predominantly on Ni cation, two Cl anions and four coordinated triazole rings. These results imply that the metal cations, triazole rings and coordinated Cl anions may be the reactive sites of the two complexes. The energy gaps in complex 1 and complex 2 are found to be much less (2.357 eV and 1.875 eV, respectively) than that of L (4.326 eV), which indicates the complexes have lower chemical activity than the ligand, and complex 2 is more reactive than complex 1.
Mulliken charges analysis.
It is meaningful to study the regularity of the atomic charge populations of a molecule due to its close relation to active site in its electrophilic or nucleophilic reactions and the charge interaction between two molecules. 38 The negative charges are likely to interact with the positive part of the receptor. On the contrary, the positive charged parts will interact quite easily with the negatively charged part of the receptor. These interactions can play crucial role in inhibiting the growth of fungi. 39 The Mulliken atomic charges of complexes 1, 2 and L obtained by means of Mulliken population analysis, are tabulated in 42 They show the preferred regions where a chemical species will change its density when the number of electrons is modied, indicating the propensity of the electronic density to deform at a given position upon accepting of donating electrons. 43 Based on such a concept, the Fukui functions can help to identify the nucleophilic/electrophilic nature of a specic site within a molecule, which is directly related to the selectivity of the molecule towards other species. 44 Therefore, the calculations of Fukui function can also predict the active sites of the compound interacting with biological species. Fukui functions for selected atomic sites in complexes 1 and 2 have also been listed in Table 5 .
The maximum values of the local electrophilic reactivity descriptors, electrophilic reactivity descriptors and radical attack reactivity descriptors at metal cations, the coordinated anions and N atoms from triazole rings of complexes 1 and 2 indicate that these sites are more reactive.
Based on the analysis above, it can be observed that the results of HOMO-LUMO, Fukui analysis and Mulliken atomic charge calculations are consistent, which indicate that the metal cations, coordinated anions and triazole rings should be the active sites of the complexes. However, previous bioactivity results show that the antifungal activities have poor correlation with the coordinated anions, 12,13 thus it may be concluded that the Co 2+ or Ni 2+ cations and the triazole rings originating from the ligand should be the main active sites inhibiting the growth of fungi.
Discussion of reasons for enhanced antifungal activities
As a result of the controlled release properties, the complexes release L step by step. The complexes can have a positive effect against the plant pathogenic fungi in a longer residual period and show different bioactivities from their ligand, which can affect the antifungal activities of the complexes. It can be further proved by the fact that complex 2 shows higher bioactivities with slower controlled release rate in comparison with complex 1. Thereby, the controlled release properties should be one of the reasons for the enhanced bioactivities of metal complexes.
The results of DFT calculations and antifungal activities indicate that the metal cations and the triazole ring are the main active sites of the complexes against the plant fungi. While it is well known that only the triazole ring is the active site of the ligand L, which is also responsible for a rapid selection of resistance strains of L. Thus we can infer that the increased active site of the metal cations and the synergic interactions between the metal cations and L should be another reason for the increased bioactivities of the complexes.
Tebuconazole belongs to the ergosterol biosynthesis inhibitors, which can impair the pathogenic ability of plant fungi by destroying the structure of the cell membrane. As a result of Mulliken atomic charge calculations, the polarity of the atoms in the complexes is reduced, which is helpful for the enhanced penetration of the metal complexes into the lipid membranes and consequently enhance the bioactivities. The result is in accord with chelation theory.
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Therefore, the controlled release properties, the synergetic interactions between the metal cations and L, as well as the enhanced penetration of the metal complexes into the lipid membranes are three main reasons for the enhanced antifungal activities aer complexation.
Experimental section

Materials and general methods
Tebuconazole was purchased from commercial source and recrystallized by isopropyl alcohol solvent. IR (KBr, s/cm À1 ): 
Crystal structure determination
Single-crystal X-ray diffraction (XRD) measurements of 1 and 2 were carried out on a Bruker SMART APEX CCD diffractometer equipped with a graphite monochromator using Mo Ka radiation (0.71073Å) at 296(2) K in the F-u scan mode. Unit cell dimensions were obtained with least-squares renements and semi-empirical absorption corrections were applied using the SADABS program. 45 The structures were solved by direct methods and rened by full-matrix least squares techniques based on F 2 with the SHELXTL program. 46 All non-hydrogen atoms were obtained from the difference Fourier map and rened with atomic anisotropic thermal parameters. The hydrogen atoms were added according to the theoretical models. Crystallographic data for structures 1 and 2 have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication CCDC 934445 and 934446. †
Biological activities tests
Four important phytopathogens (Gibberella nicotiancola, Botryosphaeria berengriana, Botryosphaeria ribis and Alternaria solani) were provided by Shaanxi Microbiology Institute, China and selected for antifungal activity studies. The antifungal activities of the ligand L, the title complexes and the metal salts CoCl 2 $6H 2 O, NiCl 2 $6H 2 O were diluted by starch and ground into dust, then added to potato dextrose agar (PDA) medium, respectively, to obtain a range of concentrations (1, 2, 4 and 8 mg L
À1
) before pouring into the Petri dishes (7.5 cm in diameter).
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Each concentration was tested in triplicate. Parallel controls were maintained with starch mixed with PDA medium. The diameter of fungal colonies on PDA plates was measured aer 72 h. Percentage inhibition of mycelial growth was calculated using the formula (1) . Because the synthesized complexes can be regarded as molecular-level mixtures of L and inorganic salts, synergy ratios (SR) were calculated to investigate the extent of the interactions between L and inorganic salts according to Wadley approach 32 using the formulas (2) and (3).
% Inhibition ¼ colony diameter of control À colony diameter of compound colony diameter of control
(1)
where A, B are two antifungal components; a, b indicate the ratios of A and B to the complex, respectively: If SR # 0.5, the level of interaction of single components in complex is antagonistic; if 0.5 > SR < 1.5, the level is additive; if SR $ 1.5, the level is synergistic.
Release assay
The release properties were carried out according to the ref. 10 . Both the complexes (25 mg each sample) were placed, respectively, in 25 mL of distilled water in a beaker with lm to minimize loss of water by evaporation and then allowed to stand at 28 C. Aer the desired time had elapsed (6, 12, 24, 48 and 96 h), L released in each beaker was extracted with ether (30 mL). Aer ether was completely volatilized, the extract was diluted to 25 mL methanol in a 25 mL volumetric ask. The extracts were analyzed for L content by HPLC using calibration curves obtained from standard samples.
Computational method
The entire calculations were carried out with the DMol 3 so-ware, 49 which is based on the density functional theory (DFT). Symmetry operations were applied for all structures. The generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional 50 was used. Double numerical basis sets including polarization functions (DNP) 51, 52 were performed to describe the valence orbitals of all the atoms in our calculations. To describe the cores, all-electron relativistic calculations were used.
Conclusion
Two new complexes of the fungicide tebuconazole, [CoL 4 Cl 2 ]$ 4MeOH (1) and [NiL 4 Cl 2 ]$4MeOH (2), have been synthesized and characterized by elemental analysis, IR spectroscopy and single crystal XRD. The two complexes have similar structural geometry and both form distorted octahedron around the metal atoms. And the one-dimension chains of the complexes are formed by different kinds of hydrogen bonds. The bioactivities tests reveal that the obtained complexes are more efficient to inhibit the four selected fungi relative to the ligand tebuconazole, which indicates the potential applications of these complexes in the elds as antifungal agents. To elucidate the possible mechanism behind the increased antifungal activities, the controlled release properties and the synergistic interactions between Co 2+ , Ni 2+ and tebuconazole, were studied, in conjunction with theoretical investigations of the electronic structures of the complexes. The results show that the good controlled release properties, the synergic interactions between the metal cations and tebuconazole, as well as the greater penetration through the cell membrane of microorganisms all contribute to the enhanced biocidal properties. However, because of the complexity of biological systems and the limited condition of our laboratory, it is rather difficult to stipulate the detailed mechanism for the antifungal activity using the tebuconazole complexes, which may be conducted in future work.
